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Experimental
Catalyst synthesis

All chemicals with the A.R. grade were purchased from Sinopharm Chemical
Reagent Co., Ltd, and were used as received without purification. The catalysts were
prepared by a sol-gel method using citric acid as a complexant. A typical procedure is
as follows: First, 4.63 g (NH;)sMo070,4,-4H,0 and 3.82 g Co(NOs), 6H,0O were
dissolved in 12 ml and 8 ml deionized water, respectively. The Co(NOs), aqueous
solution was added dropwise to the (NH4)¢M07;0,4:4H,0 aqueous solution under
stirring. The molar ratio of Co/Mo was 0.5. And then a calculated amount of 50 wt%
Mn(NOs), aqueous solution was added to the solution above. The molar ratios of
Mn/Mo were 0.00, 0.05, 0.10, 0.15, 0.20 and 0.25, respectively. A certain amount of
citric acid aqueous solution was added slowly into the mixed solution under constant
stirring. The molar ratio of citric acid to metallic ions was 0.4. Finally, the K,CO;
aqueous solution containing a calculated amount of K was added dropwise to the
mixed solution. After adjusting the pH value of the solution to 3.5, the mixed solution
was kept in a water bath at 343 K until the gel was formed. The as-prepared gel was
dried at 393 K for about 15 h and then calcined in flowing nitrogen at 673 K for 4 h.
All samples were ground, pressed, crushed, and sieved through 40-60 mesh prior to

loading in the reactor for the catalytic performance evaluation.

Catalyst characterization

Transmission electron microscopy (TEM), selected area electron diffraction
(SAED) and scanning transmission electron microscopy combined with energy-
dispersive X-ray spectroscopy (STEM-EDS) mapping measurements for the catalyst
samples were performed on a JEOL JEM-2100F field-emission transmission electron
microscope with an accelerating voltage of 200 kV. High-resolution transmission
electron microscopy (HR-TEM) images were obtained from a JEOL JEM-2010 high-

resolution transmission electron microscope operating at 200 kV accelerating voltage.



Powder X-ray diffraction (XRD) patterns were carried out on a Rigaku TTR-III

X-ray diffractometer with Cu Ka (A=0.15418 nm) radiation operated at 40 kV and
200 mA .

X-ray photoelectron spectroscopy (XPS) measurements were collected on an
ESCALAB 250 X-ray photoelectron spectrometer with Al Ka (41=1486.6 eV)
radiation.

In situ synchrotron radiation XPS experiments were carried out at the
Photoemission Endstation at BL10B beamline in the National Synchrotron Radiation
Laboratory (NSRL), at the University of Science and Technology of China (USTC).
The samples were pressed into thin pellets and then placed into the reaction cell and
reduced in a flowing H, under atmospheric pressure at 673 K for 4 h. Then the
samples were cooled down to room temperature and transferred to the analysis
chamber under vacuum conditions for measurements.

The X-ray absorption spectra (XAS) measurements were performed at the IW1B
beamline of Beijing Synchrotron Radiation Facility (BSRF), China. The electron
storage ring was operated at 2.5 GeV with an average current of 200 mA. All data of
absorption samples were collected in transmission mode. The energy of the absorption
spectra at Mo K-edge and Co K-edge were calibrated by measuring the XANES of a

Mo metal foil and Co metal foil.

Catalytic performance evaluation

The catalytic performance for higher alcohol synthesis from syngas was
performed in a fixed-bed pressurized reaction system equipped with a stainless steel
reactor tube (8 mm internal diameter). For each experiment, 0.5 g catalyst, which was
diluted with quartz sand to make a total volume of 2 ml, was loaded at the center of
the reactor tube. The temperature was monitored with a thermocouple inserted in the
catalyst bed. Prior to the reaction, the catalysts were reduced in a flow of pure H, at a
flow rate of 40 mL/min under atmospheric pressure for 12 h. Then the reactor was

cooled down to reaction temperature and feed gas (30% CO, 60% H, and 10% N,)



was introduced into the reactor. The effluent gas was cooled in an ice-water bath to
separate into gas and liquid phases under the reaction pressure. The CO, CO, and CH,4
in effluent gas were analyzed on an on-line thermal conductivity detector (TCD,
KeXiao, GC-1690) equipped with a 3 m TDX-01 packed column. Hydrogen was used
as the carrier gas. The gaseous hydrocarbons were analyzed on an on-line flame
ionization detector (FID, KeXiao, GC-1690F) equipped with a 3 m Porapak Q packed
column using N, as the carrier gas. 1.01% CH4 was used as standard gas for
calculating the composition of hydrocarbons. Liquid products were collected for an
appropriate period and then analyzed on the same FID by injection. The alcohols
distribution was calculated from the peak area using a standard liquid of mixed
alcohol. H,O content in liquid products was analyzed by a moisture meter (ANTING,
ZSD-2). Because the higher alcohol synthesis from syngas requires an induction
period to reach steady state, all activity data in this study were measured after the

reaction was performed for 24 h.
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Figure S1. Powder XRD patterns of the fresh catalysts with different Mn/Mo molar

ratio. (a) 0.00, (b) 0.05, (c) 0.10, (d) 0.15, (¢) 0.20, (f) 0.25.
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Figure S2. Representative TEM im

catalyst with Mn/Mo ratio of 0.15 at different magnification. The insets show the

electron diffraction patterns.



Figure S3. HR-TEM image of Mn-doped catalyst with Mn/Mo ratio of 0.15. The
crystal lattice fringes are clearly visible and the observed lattice spacing of 0.497 nm

is in agreement with the d value of {002} facet of Co,Mo0;0g crystal lattice.
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Figure S4. STEM and corresponding elemental mapping images of the fresh catalysts.
(a) Mn/M0=0.00, (b) Mn/Mo=0.15.
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Figure S5. XPS spectra of Mo 3d for the fresh catalysts with different Mn/Mo molar
ratio. (a) 0.00, (b) 0.05, (c) 0.10, (d) 0.15, (e) 0.20, (f) 0.25.
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Figure S6. XPS spectra of Co 2p for the fresh catalysts with different Mn/Mo molar
ratio. (a) 0.00, (b) 0.05, (c) 0.10, (d) 0.15, (e) 0.20, (f) 0.25.
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Figure S7. XPS spectra of Mn 2p for the fresh Mn-promoted catalysts with different
Mn/Mo molar ratio. (a) 0.05, (b) 0.10, (c) 0.15, (d) 0.20, (e) 0.25.
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Figure S8. In-situ synchrotron radiation XPS spectra of Mn 2p for the catalyst with

Mn/Mo molar ratio of 0.15. (a) the fresh catalyst, (b) the reduced catalyst.



Table S1. Distribution of surface Mo species of the fresh catalysts from the XPS data.

M06+ M04+
Sample
(Mn/Mo)  3dsp 3dsp Percentage 3dsp 3dsp Percentage

(eV) (V) (%) (eV) (eV) (%)
0.00 2324  235.6 82.5 230.6 233.8 17.5
0.05 2325 235.6 67.9 230.6  233.8 33.1
0.10 2324  235.6 56.6 230.5 233.7 434
0.15 2324 2356 37.7 230.5 233.7 62.3
0.20 2324  235.6 333 230.6  233.7 66.7

0.25 2323 2355 49.8 230.4 233.6 50.2




